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α-MnO2 nanorod and porous γ-MnO2 nanosphere that were synthesized via template 
free hydrothermal route were characterized by a wide range of spectroscopic, 
microscopic and thermal analysis methods. And all these synthesized materials with 
commercial MnO2 as reference compound were tested for 4,6-DMDBT oxidation 
reaction.  
 
Various synthesis conditions were examined for preparing α-MnO2 nanorod. It is 
found that hydrothermal time, temperature and pH are essential parameters for 
controlling crystallinity and particle size of synthesized samples. 
 
Porous γ-MnO2 nanosphere with relatively high surface area has also been 
synthesized by template free hydrothermal synthesis. This porous material is 
thermally stable up to 400 oC with crystallinity, morphology and surface area 
remained unchanged. Thus this porous γ-MnO2 has potential applications in catalysis 
either as catalyst by itself or as catalyst support. In this study, this porous γ-MnO2 was 




The synthesized α-MnO2 nanorods and porous γ-MnO2 with or without loading of Co, 
Ni and Mo were tested for model diesel oxidation reaction (4,6-DMDBT as model 
sulfur compound, tetradecane as model hydrocarbon solvent) with commercial MnO2 
as reference catalyst. It is found that supported Mo/γ-MnO2 is a more promising 
catalyst for diesel oxidation reaction.     
 
vii 




Figure 1.1 Refractory sulfur compounds in diesel.........................................................1 
Figure 1.2 Reactivity of various organic sulfur compounds in HDS versus their ring 
sizes and position of alkyl substitutions on the ring ....................................5 
Figure 1.3 HDS reaction pathway of di-substituted dibenzothiophene .........................5 
Figure 2.1 Structure of α-MnO2 ...................................................................................17 
Figure 3.1 XRD patterns for the samples hydrothermed for (a) 4 h, (b) 8 h and (c)16 h
....................................................................................................................33 
Figure 3.2 Estimation of lattice constants of the sample hydrothermed for 8 h ..........33 
Figure 3.3 SEM of the samples hydrothermed for 4 h.................................................34 
Figure 3.4 SEM of the samples hydrothermed for 8 h.................................................35 
Figure 3.5 SEM of the samples hydrothermed for 16 h...............................................36 
Figure 3.6 TEM of the samples hydrothermed for 4 h ................................................37 
Figure 3.7 TEM of the samples hydrothermed for 8 h ................................................38 
Figure 3.8 TEM of the samples hydrothermed for 16 h ..............................................39 
Figure 3.9 Nanorod diameter distribution of the sample hydrothermed for 4 h ..........40 
Figure 3.10 Nanorod diameter distribution of the sample hydrothermed for 8 h ........40 
Figure 3.11 Nanorod diameter distribution of the sample hydrothermed for 16 h ......40 
Figure 3.12 N2 adsorption-desorption of the samples hydrothermed for 4 h...............41 
viii 
Figure 3.13 N2 adsorption-desorption of the samples hydrothermed for 8 h...............42 
Figure 3.14 N2 adsorption-desorption of the samples hydrothermed for 16 h.............42 
Figure 3.15 XRD patterns for the samples synthesized at (a) RT, (b) 120 oC and (c) 
180 oC.........................................................................................................44 
Figure 3.16 SEM of the sample synthesized at 120 oC ................................................45 
Figure 3.17 SEM of the sample synthesized at room temperature ..............................46 
Figure 3.18 TEM of the sample synthesized at 120 oC................................................47 
Figure 3.19 Nanorod diameter distribution of the sample hydrothermed at 120 oC ....48 
Figure 3.20 N2 adsorption-desorption of the sample synthesized at 120 oC ................49 
Figure 3.21 XRD patterns for the samples synthesized with precursor concentration of 
(a) 0.1 M, (b) 0.2 M and (c) 0.3 M.............................................................50 
Figure 3.22 SEM of the sample synthesized with precursor concentration of 0.2 M..51 
Figure 3.23 SEM of the sample synthesized with precursor concentration of 0.3 M..52 
Figure 3.24 TEM of the sample synthesized with precursor concentration of 0.2 M..53 
Figure 3.25 TEM of the sample synthesized with precursor concentration of 0.3 M..54 
Figure 3.26 Nanorod diameter distribution of the sample synthesized with precursor 
concentration of 0.2 M...............................................................................55 
Figure 3.27 Nanorod diameter distribution of the sample synthesized with precursor 
concentration of 0.3 M...............................................................................55 
Figure 3.28 N2 adsorption-desorption of the sample synthesized with precursor 
concentration of 0.2 M...............................................................................56 
ix 
Figure 3.29 N2 adsorption-desorption of the sample synthesized with precursor 
concentration of 0.3 M...............................................................................56 
Figure 3.30 XRD patterns for the samples synthesized at different pH of (a) 1, (b) 2, 
(c) 5 and (d) 13...........................................................................................57 
Figure 3.31 SEM of the sample synthesized at pH = 1................................................58 
Figure 3.32 SEM of the sample synthesized at pH = 5................................................59 
Figure 3.33 SEM of the sample synthesized at pH = 13..............................................60 
Figure 3.34 TEM of the sample synthesized at pH = 1 ...............................................61 
Figure 3.35 TEM of the sample synthesized at pH = 5 ...............................................62 
Figure 3.36 TEM of the sample synthesized at pH = 13 .............................................63 
Figure 3.37 Nanorod diameter distribution of the sample synthesized at pH = 1 .......64 
Figure 3.38 Nanorod diameter distribution of the sample synthesized at pH = 5 .......64 
Figure 3.39 Nanorod diameter distribution of the sample synthesized at pH = 13 .....64 
Figure 3.40 N2 adsorption-desorption of the sample synthesized at pH = 1................65 
Figure 3.41 N2 adsorption-desorption of the sample synthesized at pH = 5................65 
Figure 3.42 N2 adsorption-desorption of the sample synthesized at pH = 13.............66 
Figure 4.1 Tunnel sizes of OMS materials ..................................................................70 
Figure 4.2 Formation of MCM-41 from inorganic precursor and organic surfactant..72 
Figure 4.3 XRD of γ-MnO2 of (a) as-synthesized, (b) cal.200 oC, (c) cal.300 oC and (d) 
cal.400 oC...................................................................................................77 
Figure 4.4 Low angle XRD of as-synthesized γ-MnO2 ...............................................77 
Figure 4.5 TGA of as-synthesized γ-MnO2 (weight loss against temperature)............79 
x 
Figure 4.6 TGA of as-synthesized γ-MnO2 (derivate weight loss against temperature)
....................................................................................................................79 
Figure 4.7 DTA of as-synthesized γ-MnO2 .................................................................80 
Figure 4.8 SEM of as-synthesized γ-MnO2 nanospheres.............................................81 
Figure 4.9 SEM of γ-MnO2 nanospheres calcined at 200 oC.......................................82 
Figure 4.10 SEM of γ-MnO2 nanospheres calcined at 300 oC.....................................83 
Figure 4.11 SEM of γ-MnO2 nanospheres calcined at 400 oC.....................................84 
Figure 4.12 Particle size distribution of as-synthesized γ-MnO2 nanospheres ............85 
Figure 4.13 TEM of as-synthesized γ-MnO2 nanospheres ..........................................86 
Figure 4.14 TEM of γ-MnO2 nanospheres calcined at 200 oC.....................................87 
Figure 4.15 TEM of γ-MnO2 nanospheres calcined at 300 oC.....................................88 
Figure 4.16 TEM of γ-MnO2 nanospheres calcined at 400 oC.....................................89 
Figure 4.17 N2 adsorption-desorption isotherm of as-synthesized γ-MnO2 nanospheres
....................................................................................................................90 
Figure 4.18 N2 adsorption-desorption isotherm of γ-MnO2 nanospheres calcined at 
200oC..........................................................................................................91 
Figure 4.19 N2 adsorption-desorption isotherm of γ-MnO2 nanospheres calcined at 
300oC..........................................................................................................91 
Figure 4.20 N2 adsorption-desorption isotherm of γ-MnO2 nanospheres calcined at 
400oC..........................................................................................................91 
Figure 4.21 BJH pore size distribution of as-synthesized γ-MnO2 nanospheres .........92 
Figure 4.22 BJH pore size desorption of γ-MnO2 nanospheres calcined at 200 oC.....93 
xi 
Figure 4.23 BJH pore size desorption of γ-MnO2 nanospheres calcined at 300 oC.....93 
Figure 4.24 BJH pore size desorption of γ-MnO2 nanospheres calcined at 400 oC.....94 
Figure 4.25 XRD pattern of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2.......94 
Figure 4.26 SEM of 6%Co/γ-MnO2.............................................................................95 
Figure 4.27 SEM of 6%Ni/γ-MnO2 .............................................................................96 
Figure 4.28 SEM of 6%Mo/γ-MnO2............................................................................97 
Figure 4.29 TEM of 6%Co/MnO2 ...............................................................................98 
Figure 4.30 TEM of 6%Ni/MnO2 ................................................................................99 
Figure 4.31 TEM of 6%Mo/MnO2.............................................................................100 
Figure 4.32 N2 adsorption-desorption isotherm of 6%Co/γ-MnO2............................101 
Figure 4.33 N2 adsorption-desorption isotherm of 6%Ni/γ-MnO2 ............................102 
Figure 4.34 N2 adsorption-desorption isotherm of 6%Mo/γ-MnO2...........................102 
Figure 4.35 BJH pore size distribution of 6%Co/γ-MnO2 .........................................103 
Figure 4.36 BJH pore size distribution of 6%Ni/γ-MnO2..........................................103 
Figure 4.37 BJH pore size distribution of 6%Mo/γ-MnO2 ........................................104 
Figure 4.38 Raman scattering spectra of (a) 6%Co/γ-MnO2, (b) 6%Ni/γ-MnO2 and (c) 
6%Mo/γ-MnO2.........................................................................................104 
Figure 4.39 Co 2p3/2 XP spectra of 6%Co/γ-MnO2....................................................106 
Figure 4.40 Ni 2p3/2 XP spectra of 6%Ni/γ-MnO2 .....................................................106 
Figure 4.41 Mo3d XP spectra of 6%Mo/γ-MnO2 .......................................................107 
Figure 5.1 Schematic diagram of batch reactor set-up...............................................109 
Figure 5.2 Oxidation of organic sulfur compounds (DBTs)......................................110 
xii 
Figure 5.3 Oxidation conversion with different α-MnO2 nanorods...........................113 
Figure 5.4 Oxidation conversion with γ-MnO2 supported catalysts ..........................115 
Figure 5.5 Pseudo-first-order rate constants for γ-MnO2 supported catalysts ...........116 
Figure 5.6 Oxidation conversion at different temperatures .......................................117 
Figure 5.7 Pseudo-first-order rate constants at various temperatures........................117 
Figure 5.8 Oxidation conversion at different Mo loading .........................................118 
Figure 5.9 Pseudo-first-order rate constants at different Mo loading ........................119 
Figure 5.10 Oxidation conversion for different reactants ..........................................120 
Figure 5.11 Pseudo-first-order rate constants for different reactants.........................121 
xiii 
LIST OF TABLES 
 
 
Table 1.1 US EPA sulfur regulations for diesel fuels as of April 2003.........................2 
Table 1.2 Average properties of crude oils refined in the US during 1981-2001 and 
US and world petroleum consumption during 1981-2001..............................3 
Table 2.1 Crystallographic characteristics of Manganese dioxides polymorphs.........16 
Table 3.1 BET surface areas of the samples hydrothermed for 4-16 h........................43 
Table 3.2 BET surface areas of the samples hydrothermed at 180 oC and 120 oC.......49 
Table 3.3 BET surface areas of the samples synthesized at different concentration ...57 
Table 3.4 BET surface areas of the samples synthesized at different pH....................66 
Table 4.1 Particle size of as-synthesized and calcined γ-MnO2 from XRD ................78 
Table 4.2 BET surface areas of as-synthesized and calcined γ-MnO2.........................92 
Table 4.3 BET surface areas of as-synthesized and calcined γ-MnO2.......................102 
Table 5.1 Properties of α-MnO2 nanorods catalysts ..................................................112 
Table 5.2 Reaction conditions for α-MnO2 nanorods catalysts .................................113 
Table 5.3 Reaction conditions for γ-MnO2 supported catalysts ................................114 
Table 5.4 Reaction conditions under various temperatures. ......................................116 
Table 5.5 Reaction conditions for Mo/γ-MnO2 catalysts with different Mo loading.118 
Table 5.6 Reaction conditions for different reactants ................................................120 
 
1 
CHAPTER 1  INTRODUCTION 
 
 




Research on the desulfurization of fuels has become an important subject of 
environmental catalysis studies worldwide. There are three major types of 
transportation fuels: gasoline, jet and diesel, which are different in composition and 
properties. Diesel fuel contains the most refractory sulfur compounds, alkylated 










Figure 1.1 Refractory sulfur compounds in diesel 
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The sulfur compounds in diesel oil are a major source of pollution. On combustion 
the.y are converted to sulfur oxides which, in turn, give rise to sulfur oxyacids that 
contribute to acid rain [1]. Sulfur compounds are also undesirable in refining 
processes because they tend to deactivate some catalysts used in downstream 
processing and upgrading of hydrocarbons. In liquid products, they contribute to the 
formation of gummy deposits which could plug the filter of the fuel-handling system 
of automobiles and other engines or heating devices [2]. Particularly even few parts 
per million of sulfur are enough to poison the noble metal based catalysts (Pt, Pd and 
Rh) used for the purification of the exhaust gases of diesel cars [3].   
 
In order to effectively control air pollution due to diesel fuel combustion, most 
western countries have released legislative regulations requiring the use of ultra low-
sulfur diesel fuel. Table 1.1 shows the current US Environmental Protection Agency 
regulations for diesel fuels along with earlier fuel specification data in the US for 
comparison [4].  
 
Table 1.1 US EPA sulfur regulations for diesel fuels as of April 2003 
 
Year Category 
1989 1993 2006 2010 
Highway diesel (ppmw) 5000 500 15 15 
Non-road diesel (ppmw) 20000 5000 500 15 
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In Singapore similar regulation is to be issued. At present, the current specification is 
500 ppm of sulfur [5]. 
 
Table 1.2 shows the average properties of crude oils refined in the US during 1981-
2001 along with the US and worldwide petroleum consumption during 1981-2001 
based on published statistical data [6]. The demand for transportation fuels has been 
increasing in most countries for the past two decades while the sulfur content has 
become higher and higher in the crude oils. Thus the problem of deep removal of 
sulfur has become more serious. 
 
Table 1.2 Average properties of crude oils refined in the US during 1981-2001 




1981 1991 2001 
Total amounts of crude oils refined in US (wt% based on 
sulfur) 
12.47 13.30 15.13 
Average sulfur content of crude oil refined in US (wt% based 
on sulfur) 
0.89 1.13 1.42 
API gravity of crude oils refined in US (oAPI) 33.74 31.64 30.49 
Total petroleum products supplied in the US including 
imported crude and products (million barrel/day) 
16.06 16.71 19.59 
Total worldwide petroleum consumption (million barrel/day) 60.90 66.72 77.12 
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1.1.2 Hydrodesulfurization process (HDS) 
 
Conventional HDS process was employed by refineries to remove sulfur compound 
from fuels for several decades [7]. In this process, sulfur is removed from sulfur 
containing compounds by reaction with hydrogen, thereby forming H2S. It is a 
catalyzed reaction usually involving a metal sulfide catalyst, in particular sulfided 
Co/Mo/Al2O3 or sulfided Ni/Mo/Al2O3. The resultant H2S that is produced from the 
hydrogenation reaction is subsequently absorbed by reaction with ZnO to form ZnS 
and, in this way, sulfur is removed from the hydrocarbon feedstock. 
 
The HDS reaction is usually operated at moderately high temperature and pressure; 
typical conditions are 300-350 oC and 50 atm. HDS is effective for a range of sulfur 
containing compounds which exhibit varying reactivates towards desulfurization. The 
reactivity is dependent upon the local environment of the sulfur atom in the molecule, 
and the overall shape of the molecule. Fig. 1.2 presents a qualitative relationship 
between the type and size of sulfur molecules in various distillate fuel fractions and 
their relative reactivities [8]. For the sulfur compounds without a conjugation 
structure between the lone pairs on S atom and the π-electrons on aromatic ring, 
including disulfides, sulfides, thiols, and tetrahydrothiophene, HDS occurs directly 
through hydrogenolysis pathway. These sulfur compounds exhibit higher HDS 
reactivity than that of thiophene by an order of magnitude, because they have higher 
the electron density on the S atom and weak C-S bond [9]. The 1- to 3-ring sulfur 














Figure 1.2 Reactivity of various organic sulfur compounds in HDS versus their 










Figure 1.3 HDS reaction pathway of di-substituted dibenzothiophene 
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desulfurization (DDS) which yields biphenyl-type compounds, and (ii) desulfurization 
through hydrogenation (HYD) which gives first tetrahydrodibenzothiophene and then 
cyclohexylbenzene-type compounds. However, depending on the reactant, the 
contribution of the two pathways to the overall HDS was very different. Under 
conventional HDS condition [10], the DDS pathway contributed 80% to the overall 
HDS of DBT, while only 20% to the HDS of 4,6-DMDBT. The reactivities of these 
refractory sulfur compounds decrease in the order thiophenes > benzothiophenes > 
dibenzothiophenes. In naphtha, thiophene is so much less reactive than the thiols, 
sulfides, and disulfides that the latter can be considered to be virtually infinitely 
reactive in practical high-conversion processes. Similarly, in gas oils, the reactivities 
of (alkyl-substituted) 4-methyldibenzothiophene (4-MDBT) and 4,6-
dimethyldibenzothiophene (4,6-DMDBT) are much lower than those of other sulfur-
containing compounds.  
 
Due to more stringent regulations on sulfur content in diesel fuels, increasing 
technical and operational challenges are imposed to traditional HDS, which is an 
integral part of refining operations. To produce diesel fuels with an ultra-low level of 
sulfur, deep HDS techniques must be adopted. These techniques require HDS to be 
operated under more severe conditions, including the use of higher temperatures, 
higher hydrogen pressures, more active catalysts and longer residence time. However, 
it is expected that deep HDS produces negative effects, such as reduced catalyst life, 
higher hydrogen consumption and higher yield loss, thereby resulting in higher 
7 
operating costs [11]. The HDS process is not cheap because of several reasons. One of 
them is the high hydrogen pressure needed for kinetic and catalyst stability purposes. 
Another reason is related to dibenzothiophene derivate compounds that constitute 
very refractory molecules to the process, such as 4,6-DMDBT, resulting in significant 
difficulty to achieve the very low sulfur content required. To eliminate undesirable 
sulfur compounds or to convert them into more innocuous forms, various alternative 
processes to HDS, have been employed. For instance, these processes include the 
physical extraction with a liquid, the selective adsorption over suitable materials, 
reductive and oxidative microbial processes, or the catalytic oxidation [12]. Thus, the 
most effective options for ultra deep desulfurization should be chosen, since removing 
all sulfur from the fuels might be too expansive or result in extremely high refinery 
CO2 emissions. In this sense, technologies that do not use hydrogen such as 
biodesulfurization, selective adsorption, and extraction by solvents and oxidative 
desulfuriztion are considered to be attractive for attaining high levels of sulfur 
removal by shifting the boiling points of sulfur-containing compounds, separating by 
extraction and decomposition via selective oxidation. 
  
1.1.3 Oxidative desulfurization process (ODS) 
 
Oxidative desulfurization (ODS) process was studied as early as 1970s. Guth and 
Diaz [13] and Guth et al. [14] disclosed the use of nitrogen dioxides followed by 
extraction with methanol to remove both sulfur and nitrogen compounds from 
petroleum stocks. Tam and Kittell [15] described a process for purifying hydrocarbon 
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aqueous oils containing both heteroatom sulfur and heteroatom nitrogen compound 
impurities, such as shale oils, by first reacting the oil with an oxidizing gas containing 
nitrogen oxides and then extracting the oxidized oil with solvents in two stages 
(amine and formic acid). The oxidation-extraction process used by Patrick et al. (1990) 
operates at ambient pressure and low temperature (typically 0-30 oC), using nitric acid 
or nitrogen oxides as oxidants, and one of several polar solvents for extraction [16]. 
 
ODS produces oxidized compounds that can be physically separated and could be 
easily processed downstream. Sulfur compounds are known to be slightly more polar 
than hydrocarbons of similar structure, i.e. oxidized sulfur compounds, such as 
sulfones or sulfoxides are substantially more polar than sulfides. This permits the 
selective removal of sulfur compounds from hydrocarbons, by a combined process of 
selective oxidation and solvent extraction or solid adsorption. 
 
Researchers from BP Chemical have reported that dibenzothiophene could be 100% 
converted to sulfones by using a phosphotungstic acid/hydrogen peroxide system 
under mild conditions [1]. Treatment of gas oils with the phosphotungstic 
acid/hydrogen peroxide system shows that all the sulfur compounds present are 
oxidized. The results also suggest that highly substituted dibenzothiophenes are the 
most readily oxidized species containing a thiophenic nucleus. Zannikos et al. [17] 
reported that a combination of oxidation with solvent extraction is capable of 
removing up to 90% of the sulfur compounds in petroleum fractions at acceptable 
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liquid yield. The oxidation process itself leads to substantial sulfur removal without 
affecting the boiling point distribution. Dolbear and co-workers [18-20] reported that 
the more refractory sulfur compounds could be removed effectively using appropriate 
oxidants and catalysts at near-ambient temperature and pressure. The oxidants that 
have been found effective and inexpensive include peroxyacetic acid and Caro’s acid, 
which could be generated by reacting hydrogen peroxide with aqueous acids. The 
most attractive solvent for the extraction of oxidized organic sulfur compounds is 
dimethyl sulfoxide. In contrast to HDS, the processing costs of ODS appear to be 
relatively linear with the degree of sulfur removal to very low levels. PetroStar Inc. is 
one of the companies that are seriously pursuing this approach [18, 19]. Because of 
their leading work in this direction, PetroStar has been selected by the US Department 
of Energy as one of the three teams to lead the development of ultra-clean fuels by 
developing new refining processes that remove sulfur pollutants from crude oils. 
 
More recently, Otsuki et al. [21] have reported the following trend for sulfur 
compound oxidation reactivity in a formic acid/H2O2 system: methyl phenyl sulfide > 
thiophenol > diphenyl sulfide > 4,6-dimethyldibenzothiophene > 4-
methyldibenzothiophene > dibenzothiophene > benzothiophene > thiophenes. This 
trend confirms that the refractory sulfur compounds in HDS are the most reactive in 
the oxidation reaction. The reactivities of the compounds seem to correlate well with 
their electron density except for the dibenzothiophenes with methyl substitutes at 4 
and 6 positions.  
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Recent patent disclosures have also indicated an increased interest in the oxidative 
approach for sulfur removal. For example, Grossman et al. [22] claimed a process to 
remove sulfur from organic compounds and carbonaceous fuel substrates that contain 
sulfur chemically bonded with carbon. The process involves a biocatalytic oxidation 
of the substrates to sulfones and sulfoxides, followed by aqueous based 
desulfurization. In a 1993 European Patent, Funakoshi and Aida [23] claimed a 
method of recovering organic sulfur compounds from liquid oil using oxidizing 
agents, followed by distillation, and solvent extraction or adsorption.  The organic 
sulfur is recovered as sulfones or sulfoxides. They further claim that organic sulfur 
compounds in fuels could be effectively recovered by a simple solvent extraction 
process [24]. Using acetone, dimethylformamide, or other solvents, more than 90% 
sulfur removal from various hydrocarbon fuels (ranging from gasoline to straight-run 
bottoms) could be achieved through six to eight stages of extractions with a solvent to 
oil ratio of 1/1. When an oxidation step is applied before extraction, an even higher 
degree of sulfur removal is obtained. Earlier work at Alberta Research Council by 
McFarlane and Hawkins [25] have shown that organic sulfur in bitumen and synthetic 
crude oil could be converted to sulfones by hydrogen peroxide or performic acid, 
although these researchers have found the extraction of sulfur compounds from 
bitumen is ineffective. 
 
It is evident from the work discussed above that the greatest advantages of the ODS 
process are the low reaction temperature and pressure, and that expensive hydrogen is 
11 
not used in the process. Moreover, HDS refractory sulfur compounds are easily 
converted by oxidation. Therefore, ODS has a great potential to become a 
complementary process to traditional HDS in the production of deeply desulfurized 
diesel fuels.   
 
1.2 Objective and scope of this work 
 
As mentioned previously, MnO2 has found wide applications in oxidation catalysis; 
especially our recent work shows that MnO2 is very active for oxidation of 
dibenzothiophenes [26]. It is well known that the particle size, local composition and 
structure of nanoscale catalysts determine the ultimate catalytic activity and 
selectivity. In fact, a practically active solid catalyst is normally not a simple chemical 
compound, but a highly organized multicomponent materials system (e.g., active 
components and carrier). In this regard, an organized assembly of catalytic materials 
can be considered as a “catalyst device”, and the ways of chemical and structural 
organizations in the device will give profound impacts on its ultimate performance. In 
the foreseeable future, a transformation from traditional catalyst preparation to a more 
sophisticated “assembly” technology is anticipated in view of the rapid progress of 
this field.  As the first steps toward this end, nonetheless, various nanocomponents 
with desired chemical and structural properties and organization programmability 
must be fabricated and investigated for constitution of a nanocatalyst “toolbox”. In 
this project, we will first synthesize various nanostructured MnO2 materials via 
template free method. Secondly, these nanostrucutred MnO2 will be fully 
12 
characterized by XRD, BET, SEM, TEM, XPS, RS, TGA/TGA and ICP. Finally, 
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CHAPTER 2  LITERATURE REVIEW 
 
 
2.1 Manganese Oxides as Oxidation Catalysts 
 
Manganese element gives rise to a rather complex oxides system due to various 
reasons: (i) the variety of possible oxidation states of Mn (+2, +3, +4 and +7) in the 
phase; (ii) the occurrence of polymorphs for oxides with the same stoichiometry; (iii) 
the stability of non-stoichiometry of highly doped oxide phases. Manganese oxide 
materials are of considerable importance in technological application including ion 
sieves, molecular sieves, catalysts and cathodic materials in lithium batteries due to 
theier outstanding structural flexibility combined with novel chemical and physical 
properties [1-4].  
 
2.2 Classification of manganese oxides 
 
2.2.1 Manganese dioxide, MnO2 
 
Among the transition metal dioxides, MnO2 probably exhibits the largest number of 
polymorph structures. Indeed not less than fourteen modifications have been 
mentioned in the literature. This could be thought to have resulted from the small 
ionic radius of Mn4+ (r = 0.53 Å) which brings MnO2 to the lower limit of the field of 
stability of the rutile structure. However, although this small ionic radius could in 
principal favor tetrahedral coordination, the 3d3 electronic configuration of Mn4+ 
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stabilizes octahedral coordination by about 2.79 eV which accounts for the absence of 
tetrahedrally coordinated Mn4+ in oxides [5]. All MnO2 structures can be described as 
a distribution of cations Mn4+ in the interstices of a more or less close-packed network 
of oxygen atoms; their complexity results from the fact that several cation ordering 
schemes are possible.  
 
Manganese dioxides can be classified according to the number of MnO6 units and the 
number of MnO6 octahedral chains between two basal layers to from tunnel openings. 
They are usually symbolized T (m, n) where n and m stand for the dimension of the 
tunnels in the two directions perpendicular to the chains of edge-sharing octahedral 
[5]. Thus, pyrolusite is T (1, 1) and ramsdellite is T (1, 2). Nsutite (γ-MnO2) has a 
highly disordered structure and has been described as an intergrowth of elements of 
pyrolusite and ramsdellite [8]. So γ-MnO2 could be represented as T (1, 1)-T (1, 2) 
intergrowth. Crystallographic characteristics of different manganese oxide 
polymorphs are shown in Table 2.1 [5]. 
 
Pyrolusite (β-MnO2) is the most stable and the densest polymorph of manganese 
dioxide and has the structure of rutile [6]. The oxygen atoms form a slightly distorted 
hexagonal close packed (hcp) array; half the close-packed rows of octahedral 
interstices are occupied by Mn4+. The basic motif of this tetragonal structure is an 
infinite chain of MnO6 octahedra sharing opposite edges; each chain is corner-linked 
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with four similar chains. All octahedral are equivalent and the average Mn-O distance 
is 1.88 Å. 
 
Table 2.1 Crystallographic characteristics of Manganese dioxides polymorphs 
 
Mineral Space Group Z a (Å) b (Å) c (Å) β, γ (o) 
Pyrolusite (β) P42/mnm 2 4.3983 - 2.873 90 
Ramsdellite Pbnm 4 4.533 9.27 2.866 90 
Nsutite (γ) [intergrowth] 4 4.45 9.305 2.85 90 
Birnessite P3m1 1 2.84 - 7.27 120 
ε- MnO2 P63/mmc2 1 2.80 - 4.45 120 
Spinel (λ) Fd3m 16 8.029 - - 90 
Hollandite (α) I2/m4 2 10.026 2.8782 9.729 91.03 
Psilomelane C2/m 2 13.929 2.8459 9.678 92.39 
Todorokite P2/m 8 9.764 2.8416 9.551 94.06 
 
Ramsdellite with density 4.79 g/cm3 is closely related to rutile except for the fact that 
double chains replace the single chains of edge-sharing ocatahedra [7] and each 
octahedral shares two edges with those of neighbour chain. Its structure also consists 
of a hcp anionic lattice but the ordering of the cations is different from the rutile 
arrangement and yields two different kinds of oxygen atoms. One is at the center of an 
almost equilateral triangle of cations Mn4+. This geometry corresponds to a sp2 
hybridization of the oxygen atom and is similar to that found in rutile. Its bond 
distances to Mn are 1.92 and 1.89 Å. The other one is at the apex of a trigonal 
pyramid of cations indicating a sp3 hybridization. It is this oxygen that becomes 
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hydroxylated upon reduction of ramsdellite into groutite α-MnOOH. Its bond 
distances to Mn are 1.92 and 1.89 Å. 
 
α-MnO2 has the hollandite-type structure with space group of I4/m, as shown in Fig. 
2.1. It is known that α-MnO2 alone has (2 x 2) tunnel structure bordered by double 
chains of edge-shared MnO6 octahedra without any large stabilizing cation in its 
tunnel cavity. And the pore diameter of tunnel is about 4.6 Å. Many different 
synthetic techniques have been employed in the production of α-MnO2 phase. Brenet 
and Grund [8] reported that α-MnO2 phase could be prepared by acid treatment of 
Mn2O3 in the absence of any foreign stabilizing cation; subsequently, Brenet reported 
the type and concentration of the final product [9]. In the early 1990s, Rossouw [10] 
synthesized α-MnO2 phase by sulfuric acid treatment of Li2 MnO3. More recently, 
Muraoka [11] has reported that α-MnO2 was prepared by starting from the hollandite-





Figure 2.1 Structure of α-MnO2 
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2.2.2 Manganese sesquioxide, Mn2O3 
 
Manganese sesquioxide exists in two forms. They are referred to as α-Mn2O3 and γ- 
Mn2O3. The crystal unit cell of α-Mn2O3 contains 32 Mn3+ ions and 48 O2- ions. In 
temperature above 30 oC, α-Mn2O3 has the crystal structure of an undistorted cubic 
bixbyite, with Ia3 symmetry, below 30 oC it has the crystal structure of an 
orthorhombically distorted bixbyite, described by the space group Pcab [12, 13].  
 
Mn2O3 was usually prepared by heating MnO2 in air at 800 oC [14]. This calcinating 
method produces products with a form of hard solid or coarse grain. Recently, 
solution chemical synthesis techniques have been used to prepare nanometer sized 
metastable manganese oxides at low temperatures. Chen et al. [15] prepared Mn2O3 
by the chemical oxidation of Mn2+ with H2O2 in an alkaline medium. Tsang et al. [16] 
investigated the reduction of KMnO4 with KBH4 in aqueous solutions to obtain binary 
and ternary manganese oxides. Other reducing approaches were also employed for 
reducing KMnO4. Ching et al. [17] reported a solvothermal route to nanocrystalline γ-
Mn2O3 at low temperatures (130 oC). The particle sizes and their distribution, phase 
homogeneity and morphology could be well controlled during the solvothermal 
process [18, 19].  
 
2.2.3 Trimanganese Tetroxide, Mn3O4 
 
Spinel Mn3O4 occurs in nature as the mineral hausmannite, Mn2+[Mn23+]O4. With a 
valence distribution, it exhibits a cooperative Jahn-Teller distortion to tetragonal 
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symmetry I41/amd. The lattice parameters are a = 5.75 Å, c = 9.42 Å. The unit cell 
contains Mn4Mn8O16 in which the O atoms are close packed with Mn2+ ion in 
tetrahedral-site and Mn3+ ion in octahedral-site [20].  
 
Mn3O4 powders were usually prepared by heating either manganese oxides with a 
higher valence of manganese (e.g., MnO2, Mn5O8 and Mn2O3, etc.) or Mn(II) and 
Mn(III) hydroxide, oxyhydroxide, carbonate, nitrate, and sulfate at about 1000 oC in 
air [21-24]. 
 
However, these calcining methods were apt to yield products with a form of hard 
solid or coarse grains. Ching [25] synthesized Mn3O4 powders by sol–gel technique. 
This method still needs post treatment at high temperatures [26]. Zhang et al. [27] 
successfully synthesized Mn3O4 nanocrystallites below 160 oC. In addition, the 
particle properties such as morphology and size can be well controlled during the 
hydrothermal/solvothermal process [28-31].  
 
2.3 Catalytic application of manganese oxides 
 
Manganese oxides have long been known as catalytic materials. In 1820 Dobereiner 
[32] had already recongnized the catalytic activity of MnO2 in the decomposition of 
potassium perchlorate in aqueous solutions. Subsequently, manganese oxide became 
well known for its activity in the decomposition of hydrogen peroxide [33-35]. 
Among the other reactions catalyzed by manganese oxides are CO oxidation [35-
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37];oxygen isotopic exchange[37]; nitrous oxide decomposition [38];ozone 
decomposition[39]; oxidation of methanol [40], ethylene [41], ammonia [42, 43], 
nitric oxide [44] and tarry compounds in self-cleaning oven walls[63]; catalytic 
combustion of methane [45] and volatile organic compounds (VoC) [39]; oxidative 
coupling of methane [46, 47]; hydrogenation of ethylene [40]; and selective catalytic 
reduction (SCR) of NO with NH3 [48] and its sulfidation for regenerative high-
temperature H2S removal [49]; Oxidation of dibenzothiophenes [50]. In all these 
reactions, the manganese oxide undergoes oxidation-reduction cycles, which reflects 
the ease of chaning the oxidation state of the manganese ion.  
 
2.3.1 Oxidation of volatile organic compounds(VOCs) with manganese oxides 
 
VOCs are pollutants as they contribute to ozone formation [51]. So VOC emissions 
need to be controlled by an appropriate end-of-pipe device. When there is no interest 
in recovering VOCs, they are usually destroyed by deep oxidation. However, because 
the VOC concentration is usually very low (below 1000 ppm), direct combustion may 
not be appropriate [52]. This would require a large amount of extra fuel to maintain 
the flame temperature. Catalytic deep oxidation is more selective as it requires less 
heating. And it is more cost effective than direct combustion when the VOC 
concentration is lower than 10,000 ppm. However, because large gas volumes have to 
be treated, this has to be performed at very high space velocity and thus requires a 
very active catalyst. An additional difficulty in catalytic VOC removal comes from 
the fact that the stream generally contains many organic compounds of very different 
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chemical nature. The catalysts have to be able to treat different kinds of substances 
simultaneously. Finally, the catalyst must keep its activity in the presence of 
“spectator” species such as water vapor. Indeed, the stream to be cleaned in most 
cases contains mainly water vapor in air, with a few ppm of VOC. 
 
Spivey [53] has shown that there are two types of catalysts can be used, alone or in 
combination, to reduce VOC emissions: noble metal catalysts and metal oxide 
catalysts. Though noble metal catalysts are generally believed to be more active than 
metal oxide catalysts, Pope [54] has demonstrated that metal oxides can sometimes 
exhibit higher activity than noble metal catalysts.  Lahousse [51] has compared γ-
MnO2 and supported platinum catalysts for VOC combustion. His work showed that 
γ-MnO2 could be more active than a very active platinum catalyst especially for those 
polar compounds such as ethylacetate. This could be due to competitive adsorption 
among reactants. Polar compounds which are certainly rapidly and efficiently 
adsorbed, strongly inhibits nonpolar conversion. In the case of γ-MnO2 catalyst, the 
compound which inhibits the reaction of the others, namely which is preferentially 
adsorbed, is also the most easily oxidized one. Thus the temperature at which each 
VOC is completely removed has never been affected by the competition phenomena. 
Summarizing, there are interferences with γ-MnO2 and supported noble metal 
catalysts, but their effect on the catalyst performance is different. The inhibitions 
change the temperature of complete removal of the VOC only in the case of the noble 
metal catalyst. γ-MnO2 is thus less sensitive to the effect of interferences between 
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compounds. 
 
2.3.2 Oxidation of dibenzothiophenes with manganese oxides 
 
Various studies on the ODS process have reported the use of different oxidizing 
agents and catalysts such as H2O2/acetic acid [55] and H2O2/formic acid [56], 
H2O2/heteropolyacids [57], H2O2/inorganic solid acids [58], NO2/heterogeneous 
catalysts[59], ozone/heterogeneous catalysts [60], tert-butylperoxides/heterogeneous 
catalysts[61]. Very few reports using oxygen as oxidant has been published. Recently 
we reported the effective use of air as an environmentally benign and low cost oxidant 
to oxidize the sulfur compounds in diesel at ambient pressure and moderate 
temperature in the presence of supported manganese oxides catalysts [50]. The results 
show that supported MnO2 catalyst is highly active for selective oxidation of the 
refractory sulfur compounds in diesel fuel using molecular oxygen in air at 
atmospheric pressure and the sulfur content can be easily reduced to 40-60 ppm after 
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Much effort has been made to prepare low dimensional nanostructured crystalline 
manganese oxide, because dimensionality is a crucial factor in determining the 
properties of nanomaterials. For example, the electrons interact differently in one 
dimensional (1D) and three dimensional structures (3D) [1].  
 
1D system is the smallest dimension structure that can be used for efficient transport 
of electrons and optical excitations, and are thus expected to be critical to the function 
and integration of nanoscale devices. However, little is known about the nature of, for 
example, localization that could preclude transport through 1D system. In addition, 
1D system should exhibit density of states singularities, can have energetically 
discrete molecular like states extending over large linear distances, and may show 
more exotic phenomena, such as the spin-charge separation predicted for a Luttinger 
liquid [1]. There are also many applications where 1D nanostructures could be 
exploited, including nanoelectronics, superstrong and tough composites, functional 
nanostructured materials, and novel probe microscopy tips [2-6].   
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To address these fascinating fundamental scientific issues and potential applications 
requires answers to two questions at the heart of condensed matter chemistry and 
physics research: (1) How can atoms or other building blocks be rationally assembled 
into structures with nanometer-sized diameters but much longer lengths? (2) What are 
the intrinsic properties of these quantum wires and how do these properties depend, 
for example, on diameter and structure?  
 
There are a number of strategies can be pursued for the growth of 1D nanostructure. 
Templates have been utilized to direct the growth of 1D nanostructure. The 
nanometer-sized pores in membranes and zeolites have been used to confine the 
growth of wires [7, 8], and carbon nanotubes have also been converted to carbide and 
nitride nanowires [9-11]. Alternatively, lithography and deposition have been 
combined to create quantum wires on single-crystal surfaces [12, 13]. Template-based 
techniques are conceptually simple to implement but do have important limitations. 
For instance, growth in porous membranes typically produces polycrystalline 
materials with diameters greater than required to observe the effects of quantum 
confinement.  
 
Later on, there was an attempt to develop a general and predictive method for 
preparing compositionally diverse single-crystal materials with nanometer to tens of 
nanometer diameters in order to understand the intrinsic behavior of 1D structure in a 
size regime where quantum effects produce new phenomena. Catalytic approach had 
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been used to direct growth in a highly anisotropic or 1D manner in order to meet this 
overall goal. The catalyst was envisioned as a cluster that defines the diameter of the 
structure and localizes the reactant at the end of the growing nanowire much like a 
catalyst in living polymerization. The liquid catalyst alloy cluster serves as a 
preferential site for adsorption of reactant (i.e., there is a much higher sticking 
probability on liquid vs solid surfaces) and, when supersaturated, the nucleation site 
for crystallization. Preferential 1D growth occurs in the presence of reactant as long as 
the catalyst remains liquid. 
 
What are the intrinsic properties of 1D nanostructure, and do they exhibit any novel 
phenomena? How size and dimensionality affect physical properties? Elucidating the 
intrinsic properties of nanostructures is, however, an experimentally challenging 
problem in several aspects. First, it is necessary to connect from the outside world to 
the nanometer scale to enable investigations of, for example, electrical conduction and 
mechanical deformation. Second, nanostructures prepared by either synthesis or 
fabrication approaches are not identical objects, and typically exhibit dispersions in 
size and/or structure. Hence, connections or probes of individual nanostructures offer 
obvious advantages for elucidating their intrinsic physical properties. This point has 
been demonstrated clearly in several recent studies, including optical investigations of 
the luminescence from individual CdSe nanoclusters [14] and scanning tunneling 
microscopy (STM) studies of the atomic structure and local electronic properties of 
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individual SWNTs [15]. These techniques provide unique opportunities for defining 
and uncovering new behavior. 
  
There is a very bright future in science and technology for 1D nanostructures though 
there remain many fundamental and fascinating issues about the electronic properties 
of carbon nanotubes and likewise emerging nanowires, such as the coherence of 
extended states, the role of finite size and symmetry breaking, and new phenomena at 
low energies, which will require future developments to address [16]. Understanding 
these points will be critical to many envisioned electronic applications of these 1D 
materials. It is also expect that 1D nanostructure will serve as important building 
blocks for the assembly of a wide range of functional, nanostructured systems, such as 




3.2.1 Synthesis of hollandite (α) MnO2 nanorod 
 
α-MnO2 nanorods were synthesized by redox reaction between manganese acetate 
(Mn(ace)2) and potassium permanganate (KMnO4). The chemical reaction can be 
formulated as  
COOK2CHCOOH4CH5MnOO2H2KMnOCOO)3Mn(CH 3322423 ++→++     (1) 
                 2e4HMnOO2HMn 22
2 ++→+ ++ (Eo = 1.23 V)                                    (2) 
                 O2HMnO3e4HMnO 224 +→++ +−  (Eo = 1.69 V)                                (3) 
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On the basis of the value of Eo, the standard Gibbs free energy change ΔGo of reaction 
1 could be estimated to be -231 kJ/mol, implying a very strong tendency for reaction 1 
to progress toward the right-hand side.  
 
30 ml 0.1 M Mn(ace)2 solution was added to 20 ml 0.1 M KMnO4 solution in 100 ml 
beaker under well stirring. The pH of above mixture was adjusted by adding acid or 
base. The resulted mixture was transferred to Teflon lined autoclave of 120 mL 
capacity. Then, the autoclave was heated at 120-180 oC for 1-24 h. After cooling to 
room temperature, the black precipitate was filtered out, washed with distillated water 
several times, and then dried in oven at 120 oC for overnight.  
 
3.2.2 Characterization techniques 
 
The as-prepared and calcined samples were characterized by various analytical 
techniques. Powder x-ray diffraction (PXRD) was recorded using a D8 Advance 
(Bruker AXS GmbH) with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA. The 
morphologies of the samples were observed using a field emission scanning electron 
microscope, FE-SEM (model JEOL JSM 6700F FM) and a transmission electron 
microscope, TEM (model Tecnai TF 20 S-twin). The N2 adsorption-desorption 
isotherms of the prepared materials were measured on an Autosorb-1 at 77K. Prior to 
the measurement, the materials were degassed at 120 oC.  
 
3.3 Results and Discussion 
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3.3.1 Hydrothermal time effect 
 
In order to study the hydrothermal time effect on the crystal structure, morphology 
and particle size of synthesized manganese oxides, various experiments have been 
carried out. Typical reaction conditions are as following: 60 ml 0.1 M Mn(ace)2 
solution was added to 40 ml 0.1 M KMnO4 solution in 100ml beaker followed by 
adding 2 ml 1 M H2SO4. The resulted mixture was autoclaved at 180 oC for 4 h, 8 h or 
16 h. The precipitated products were collected by vacuum filtration followed by 




Fig. 3.1 presents the representative result of the powder X-ray diffraction patterns for 
the products hydrothermed for 4-16 h. It is obvious from Fig. 3.1a & 3.1b that a single 
phase of α-MnO2 could be readily formed by hydrotherm for 4-8 h; all the diffraction 
peaks in Fig. 3.1a-3.1b were indexed of tetragonal symmetry with space group of 
I4/m. Lattice constants were estimated from Fig. 3.1b to be a = 9.82 Å and c = 2.87 Å 
as shown in Fig. 3.2 by extrapolation to Bragg angle 2θ = 180 oC, using extrapolation 
function Cot(θ)Cos(θ). The results are in good agreement with those reported on α-
MnO2 (a = 9.78 Å and c = 2.86 Å) [17] prepared by treating Li2MnO3 with H2SO4 and 
K+-extracted α-MnO2 (a = 9.80 Å and c = 2.86 Å) [18]. While in Fig. 3.1c, additional 
one peak appears at 26.4o, which accounts for (110) plane of MnOOH manganite. It 
suggests that α-MnO2 transforms to MnOOH manganite by longer hydrothermal time. 
The hollandite-type structure is constructed from double chains of [MnO6] octahedral 
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forming (2 x 2) tunnels. The rutile-type structure is composed of single chain of the 
octahedra [19]. As far as we know, the formation mechanism of the hollandite 
structure has not been reported elsewhere, although mechanisms of hydrothermal 
crystallization of rutile-type TiO2 have been proposed [20]. Formation process of the 
[MnO6] octahedron in the hollandite structure might be similar to that in the rutile 
structure.  
 




















y = 0.001x + 9.815















Figure 3.2 Estimation of lattice constants of the sample hydrothermed for 8 h 
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(b) SEM 
 
Fig. 3.3-3.5 show SEM images of the precipitated α-MnO2 hydrothermed for 4-16 h. 
It can be seen that they are mainly rod shaped crystals. The corresponding XRD 
patterns of these α-MnO2 products are shown in Fig. 3.1; highly asymmetric 

















Figure 3.3 SEM of the samples hydrothermed for 4 h 
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MnO2 product having rod shaped crystals. It is known that natural hollandite minerals 
are found typically as fibrous crystals. Our results are consistent with this. It is also 



















Figure 3.4 SEM of the samples hydrothermed for 8 h 
 

















Figure 3.5 SEM of the samples hydrothermed for 16 h 
 
 
(c) TEM  
 
TEM images from Fig. 3.6-3.8 confirm nanorod morphology of as-synthesized α-
MnO2. From high resolution straight lattice arrangement are observed, which suggests 
that these nanorods are well crystallized single crystals. Nanorod diameter 
distributions of the three samples hydrothermed for different time are shown in Fig. 
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~4.92nm
3.9-3.11. It is found that longer hydrothermal time leads to increase the size of 
nanorods when comparing the two samples hydrothermed for 4h (~14-21 nm) and 8 h 
(~16-32 nm). While for samples hydrothermed for 8 h and 16h (~21-32 nm), no much 



















Figure 3.6 TEM of the samples hydrothermed for 4 h 
 






















Figure 3.7 TEM of the samples hydrothermed for 8 h 
 
 






















Figure 3.8 TEM of the samples hydrothermed for 16 h 














































Figure 3.11 Nanorod diameter distribution of the sample hydrothermed for 16 h 
(d) BET 
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Fig. 3.12-3.14 depict the nitrogen adsorption and desorption isotherm of α-MnO2. 
Type III isotherms are observed for all the three samples. Generally, type III 
isotherms are confined to systems in which the overall adsorbent-adsorbate 
interactions are weak in comparison with relatively strong adsorbate-adsorbate 
interactions. The monolayer density tends to be unevenly distributed on the adsorbent 
surface with a relatively high concentration of molecules located on the most active 
areas. As the pressure is raised the average monolayer concentration is increased, but 
before if can become close-packed over the complete surface, the monolayer coverage 
is overtaken by a form of co-operative multilayer adsorption in which molecules are 
clustered around the most favorable sites. This results in the isotherm curvature 
remaining convex to the p/po axis. When relative pressure reaches around 0.9, there is 




















Figure 3.12 N2 adsorption-desorption of the samples hydrothermed for 4 h 
 
 







































Figure 3.14 N2 adsorption-desorption of the samples hydrothermed for 16 h 
 
The Brunauer-Emmett-Teller (BET) method [21] was applied to the surface area 
determination. The linear portion of the BET plot was found to be in the 
0.05<p/po<0.3 range as expected. The BET surface area, SBET and BET constant, CBET 
are summarized in Table 3.1. It shows that increasing hydrothermal time leads to 
decrease of surface area. This is consistent with TEM observations, as the diameter of 
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nanorod increases with increasing hydrothermal time. It can be seen that the BET 
constant varies with hydrothermal time. It suggests that the surface structure changes 
with hydrothermal time, as C measures adsorbent-adsorbate and adsorbate-adsobate 
interactions, while adsorbate remains the same as N2 for all the three systems. This is 
consistent with XRD pattern that the sample hydrothermed for 16 h has two crystal 
phases, thus its surface structure will be different from the other two. The difference 
between samples hydrothermed for 4h and 8h could be due to different crystalnity.    
 
Table 3.1 BET surface areas of the samples hydrothermed for 4-16 h 
 
 4 h 8 h 16 h 
SBET (m2/g) 48 36 35 
CBET 64 171 125 
 
According to the adsorption study, empirical diameters of adsorbate molecules are 
reported to be 0.43 nm for N2 at 77 K [22]. The pore width in the α-MnO2 structure 
(about 0.38 nm, classified as ultramicropore) is smaller than N2 molecule size (0.43 
nm) so that N2 molecules cannot penetrate the tunnel cavity of α-MnO2. Thus type III 
instead of type I isotherms are observed. Wang [23] reported N2, O2, H2O and NH3 
adsorption isotherms of α-MnO2. They found that only H2O and NH3 molecules can 
be adsorbed in the tunnel cavity. 
 
3.3.2 Temperature effect 
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60 ml 0.1 M Mn(ace)2 solution was added to 40 ml 0.1 M KMnO4 solution in 100 ml 
beaker followed by adding 2 ml 1 M H2SO4. The resulted mixture was autoclaved at 
180 oC, 120 oC and left at room temperature for 8 h to study the effect of 




Fig. 3.15 presents the representative result of the powder X-ray diffraction patterns for 
the samples synthesized at room temperature (RT), 120 oC and 180 oC. It is found that 
the samples synthesized 120 oC and 180 oC are purely α-MnO2, and the crystallinity 
increases with increasing hydrothermal temperature. While the sample aged at room 
temperature shows amorphous structure.  
 


















Figure 3.15 XRD patterns for the samples synthesized at (a) RT, (b) 120 oC and 
(c) 180 oC 
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(b) SEM 
 
Fig. 3.4, 3.16 and 3.17 show SEM images of the sampels synthesized at 180 oC, 120 
oC and room temperature respectively. It can be seen that only the samples 
hydrothermed at 120 oC and 180 oC give nanorod morphology. The sample 

















Figure 3.16 SEM of the sample synthesized at 120 oC 

















Figure 3.17 SEM of the sample synthesized at room temperature 
 
(c) TEM  
 
TEM images from Fig. 3.7 and 3.18 confirm nanorod morphology of as-synthesized 
α-MnO2. From high resolution straight lattice arrangement are observed, which 
suggests that these nanorods are well crystallized single crystals. Nanorod diameter 
distributions of the two samples hydrothermed at 180 oC and 120 oC are shown in Fig. 
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~3.22nm
~5.40nm
3.10 and 3.19. It is found that higher hydrothermal temperature to increase the size of 
nanorods when comparing the two samples hydrothermed at 120 oC (~11-16 nm) and 



















Figure 3.18 TEM of the sample synthesized at 120 oC 





















Fig. 3.20 depicts the nitrogen adsorption and desorption isotherm of the sample 
synthesized at 120 oC, which shows type III isotherms. The BET surface area, SBET 
and BET constant, CBET are summarized in Table 3.2. It shows that increasing 
hydrothermal temperature leads to decrease of surface area. This is consistent with 
TEM observations, as the diameter of nanorod increases with increasing hydrothermal 
temperature. It can be seen that the BET constant varies with hydrothermal 
temperature. It suggests that the surface structure changes with hydrothermal 
temperature, which is consistent with XRD pattern that the sample hydrothermed at 
180 oC has better crystallinity. Thus their surface local structures could be different.  
 




















Figure 3.20 N2 adsorption-desorption of the sample synthesized at 120 oC 
 
 
Table BET surface areas of the samples hydrothermed at 180 oC and 120 oC 
 
 180 oC 120 oC 
SBET (m2/g) 36 76 
CBET 171 120 
 
3.3.3 Precursor concentration effect 
 
In order to study precursor concentration effect, 60 ml of either 0.1 M, 0.2 M or 0.3 M 
Mn(ace)2 solution was added to 40 ml of 0.1 M, 0.2 M or 0.3 M KMnO4 solution in 
250 ml beaker respectively followed by adding 2 ml 1 M H2SO4. The resulted mixture 
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(a) XRD 
 
Fig. 3.21 presents the representative result of the powder X-ray diffraction patterns for 
the samples synthesized with precursor concentration of 0.1 M, 0.2 M and 0.3 M. All 
the three samples show well crystallined α-MnO2 phase. The crystallinity of the three 
samples is roughly the same.  
 


















Figure 3.21 XRD patterns for the samples synthesized with precursor 




Fig. 3.16, 3.22 and 3.23 show SEM images of the sampels synthesized with precursor 
concentration of 0.1 M, 0.2 M and 0.3 M. All the three samples show nanorod 
morphology. It suggests that precursor concentration has no effect on product 
morphology.   
 















































TEM images from Fig. 3.18, 3.24 and 3.25 confirm nanorod morphology of as-
synthesized α-MnO2. From high resolution straight lattice arrangement are observed, 
which suggests that these nanorods are well crystallized single crystals. Nanorod 
diameter distributions of the three samples synthesized with precursor concentration 
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~3.03nm
of 0.1 M, 0.2 M and 0.3 M are shown in Fig. 3.10, 3.26 and 3.27. It is found that the 




















Figure 3.24 TEM of the sample synthesized with precursor concentration of  
0.2 M 
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~6.73nm
the three samples synthesized with different precursor concentration of 0.1 M (~11-16 
nm), 0.2 M (~8-16nm) and 0.3 M (~7-24 nm). But the nanorod diameter is more 



















Figure 3.25 TEM of the sample synthesized with precursor concentration of  
0.3 M 













Figure 3.26 Nanorod diameter distribution of the sample synthesized with 

















Figure 3.27 Nanorod diameter distribution of the sample synthesized with 




Fig. 3.20, 3.28 and 3.29 show the nitrogen adsorption and desorption isotherm of the 
sample synthesized with precursor concentration of 0.1 M, 0.2 M and 0.3 M 
respectively. They all show type III isotherms. The BET surface area, SBET and BET 
constant, CBET are summarized in Table 3.3. It shows that the surface areas of the 
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three samples are roughly the same. This is consistent with TEM observations, as all 
three samples have similar nanorod diameter. It can be seen that the BET constant the 
sample synthesized at high concentration (0.3 M) is quite different from the other two.  
This couldn’t be explained by XRD results as XRD patterns are similar for all the 























Figure 3.28 N2 adsorption-desorption of the sample synthesized with precursor 


























Figure 3.29 N2 adsorption-desorption of the sample synthesized with precursor 
concentration of 0.3 M 
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Table 3.3 BET surface areas of the samples synthesized at different 
concentrations 
 0.1 M 0.2 M 0.3 M 
SBET (m2/g) 76 83 82 
CBET 120 108 167 
 
3.3.4 pH effect 
 
In order to examine pH effect, pH was varied during the synthesis by adding H2SO4 or 
NaOH solution. Typically, 60 ml 0.1 M Mn(ace)2 solution was added to 40 ml 0.1 M 
KMnO4 solution in 100 ml beaker. pH of above mixture was adjusted to be 1, 2 , 5 
and 13 by adding H2SO4 or NaOH solution. The resulted mixture was autoclaved at 




Fig. 3.30 presents the representative result of the powder X-ray diffraction patterns for 
the samples synthesized at pH of 1, 2, 5 and 13. All the four samples show well 
crystallined α-MnO2 phase. The crystallinity of the four samples is roughly the same.  


















Figure 3.30 XRD patterns for the samples synthesized at different pH of (a) 1, (b) 
2, (c) 5 and (d) 13 
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(b) SEM 
 
Fig. 3.31, 3.16, 2.32 and 2.33 show SEM images of the sampels synthesized at pH of 
1, 2, 5 and 13 respectively. All the three samples show nanorod morphology. It 

















Figure 3.31 SEM of the sample synthesized at pH = 1 
 
 













































TEM images of the samples synthesized at pH = 1, 2, 5 and 13 are shown in Fig. 3.34, 
3.18, 2.35 and 2.36 respectively. All the four samples show well crystallized nanorods 
morphology. Nanorod diameter distributions of the four samples are shown in Fig. 
3.37, 3.19, 2.38 and 2.39. It is found that in acidic medium, the nanorod diameter 
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~6.73nm
(~11-16 nm, ~14-28 nm, ~21-37 nm) increases with increasing pH (1, 2, 5). But at 





















Figure 3.34 TEM of the sample synthesized at pH = 1 

















































Figure 3.36 TEM of the sample synthesized at pH = 13 
 

















































Figure 3.39 Nanorod diameter distribution of the sample synthesized at pH = 13 
(d) BET 
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Fig. 3.40, 3.20, 3.41 and 3.42 show the nitrogen adsorption and desorption isotherm 
of the sample synthesized at pH of 1, 2, 5 and 13 respectively. They all show type III 
isotherms. The BET surface area, SBET and BET constant, CBET are summarized in 








































Figure 3.41 N2 adsorption-desorption of the sample synthesized at pH = 5 
 



















Figure 3.42 N2 adsorption-desorption of the sample synthesized at pH = 13 
 
Table 3.4 BET surface areas of the samples synthesized at different pH 
 
pH 1 2 5 13 
SBET (m2/g) 52 76 61 79 
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Micro- and mesoporous manganese oxides, as well as layered claylike manganese 
oxide materials are prepared via a variety of routes. Many of the materials with 
similar gross structural features nevertheless show a diversity of properties depending 
on the specific synthetic route. These differences can be attributed to variations in 
particle size and the type and amount of defects in the structures. For this reason, 
small changes in synthetic parameters can result in materials with novel catalytic, 
electrochemical, and ion-exchange properties. Because these porous manganese oxide 
materials are metastable (in contrast to nonporous perovskite manganese oxides), the 
majority of synthetic preparations fall in the precipitation/ion-exchange/ hydrothermal 
routes, sol-gel, and high-temperature solid-state routes. 
 
Precipitation routes involving redox reactions of Mn7+ (permanganate) and/or Mn2+ 
salts are common for formation of manganese oxides because molecular Mn4+ 
materials suitable for precursors are rare [1]. Typical materials formed from 
precipitation routes include layered manganese oxides (birnessites) and condensed 
phase materials such as hausmannite (Mn3O4). The birnessites incorporate cations 
(typically alkali or alkaline earth metal ions) between the layers to balance the 
negative charge on the sheets, as well as differing amounts of hydrated water. They 
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can undergo ion-exchange reactions, replacing the cations between the layers with 
other alkali or alkaline earth metal ions as well as protons. Hydrothermal treatment of 
birnessites can lead to a variety of porous structures with tunnels ranging from 1 x 1 
(pyrolusite) to 2 x 4 (RUB-7) and 3 x 3 (todorokite). 
 
In addition to routes that proceed by oxidation of Mn2+ salts with KMnO4, O2, H2O2, 
etc., it is possible to synthesis microporous and layered manganese oxides by 
reduction of KMnO4 with organic reducing agents. Such routes frequently result in 
formation of a sol or gel. Although the initial report of manganese oxide jellies was 
made over 80 years ago [2], it was not until 1990 that such routes were re-examined 
for formation of microporous manganese oxides [3].  
 
These sol-gel routes introduce some flexibility into the processability of manganese 
oxide materials, and the products have unique properties not found from materials 
produced by the more traditional precipitation/hydrothermal routes. The morphologies 
of sol-gel materials are more particular in appearance, in contrast to the commonly 
observed plates (birnessite) and needles (cryptomelane). Additionally, the alkali 
cations appear to be tightly bound in these materials and will exchange only partially 
with other alkali, alkaline earth, or ammonium cations. 
 
Microporous materials are most commonly produced by soft-chemistry routes as 
porous materials are generally more stable at lower temperature. Additionally, such 
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routes afford materials with smaller crystallite sizes, which may be more desirable for 
ion-exchange and catalytic properties. Nevertheless, high-temperature routes can 
result in the formation of structurally porous phases.  
 
Broad pore size distributions are observed for microporous OMS materials [4], as 
expected from the size and shape of the tunnels shown in Fig. 4.1. For example, 
OMS-1 has pore size distributions ranging from ~6 to 9 Å, which is consistent with 
the largest distance across the diagonal sides of the tunnels of ~9.6 Å. Such porosity is 
retained up to 650 °C. OMS-2 also has a wide pore size distribution, ranging from 
~4.5 to 7 Å. It is clear from such studies that the nature of the tunnel cations, 





Figure 4.1 Tunnel sizes of OMS materials 
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The broad pore size distributions are quite different from zeolitic materials. One 
complication in the pore size distribution analysis is that a cylindrical pore model 
rather than a square pore model was used. Further studies and the development of a 
square pore model are underway. In addition, the adsorption capacity of these 
materials is on the order of 18-20 g of adsorbate per 100 g of adsorbent [5]. Such 
adsorption capacity rivals zeolitic type materials and has been recognized for natural 
manganese nodules. 
  
Mesoporous materials have been the focus of intense interest since the discovery of 
M41S materials using a micelle-based liquid crystal templating method at a variety of 
pH values from a source of silica and a cationic trimethylammonium bromide 
surfactant at concentrations under which micelle formation of the organic phase is 
favorable [6]. This approach relies on the Colulombic attraction between the inorganic 
phase, consisting of polysilicate anions and the organic templates. These mesoporous 
aluminosilicate materials, with well-defined pore sizes of 15-100 Å, break past the 
pore-size constraint (<15 Å) of microporous zeolites. The extremely high surface 
areas (>1000 m2/g) and the precise tuning of pore sizes are very desirable for many 
applications. There have been a number of models proposed to explain the formation 
of mesoporous materials and to provide a rational basis for the various synthesis 
routes. On the most common level, these models are predicted upon the presence of 
surfactants in a solution to guide the formation of the inorganic mesostructure from 
the solubilized inorganic precursors as shown in Fig. 4.2. Surfactants contain a 
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hydrophilic head group and a long hydrophobic tail group within the same molecule 








Figure 4.2 Formation of MCM-41 from inorganic precursor and organic 
surfactant 
 
Recently, there have been considerable efforts in preparing transition metal oxide 
mesoporous materials because transition metal oxide have variable oxidation states, 
which are lacking in aluminum and silicon oxides, useful towards tailoring catalytic, 
conductive and magnetic properties. Ti-, Cr-, and V-substituted cubic MCM-48 
mesoporous phases have been prepared [7]. Various transition metal sources, 
including chlorides and sulfates, were used to substitute the Si element in the 
framework of MCM-48 materials. The average pore size was ~2.3 nm, with wall 
thicknesses of ~0.5 nm.  
 
Ying et al. [8-10] have made extensive contributions in making transition metal 
mesoporous materials, especially the recently reported niobium oxide and tantalum 
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oxide mesoporous phases. A novel ligand-assisted templating mechanism has been 
proposed for mesoporous niobium oxide. Instead of relying on charge interaction, the 
surfactants were pretreated with the metal alkoxides in the absence of water to form 
metal-ligated surfactants. The highest quality materials came from the use of amine 
surfactants, due to the strong affinity for nitrogen-metal bond formation between the 
surfactant head group and the niobium or tantalum alkoxide precursor. Upon addition 
to the alkoxide-surfactant solution, water acted as both a solvent and a reactant, to 
initiate surfactant self-assembly and alkoxide hydrolysis/condensation, respectively. 
In this ligand-assisted templating approach, control of mesostructure phases was 
found possible by adjustment of the metal/surfactant ratio, and led to a family of 
mesoporous transition metal oxide analogous to the M41S family of aluminosilicates. 
 
A new family of manganese oxide structures (MOMS) of both hexagonal and cubic 
phases have been prepared via incorporation of surfactant micelles and partial 
oxidation of Mn(OH)2 [11]. Further oxidation of Mn2+ to Mn4+ and Mn3+ is 
accompanied by the removal of surfactants during calcination. The mesopore wall 
materials are believed to be microcrystallites of manganese oxides composed of 
primary building blocks of (MnO6) octahedra. These MOMS materials structures are 
thermally stable (up to 1000 °C).  Mesopores of 3.0 nm in diameter and 1.7 nm thick 
walls were observed for the hexagonal MOMS-1 phase. 
 
Mesoporous manganese oxide materials have been reported to be transformed from 
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layered birnessite [12], using three approaches (oxidation, reduction, and layer 
transformation). In the oxidation process, O2 was introduced into a mixture of 
Mn(OH)2 and the surfactant oxidized Mn2+ to Mn3+ and Mn4+. In the reduction 
process, alcohol was used to reduce trialkylammonium permanganate to form an 
amorphous manganese oxide mixed with surfactants. Aging this mixture leads to 
mesoporous materials. In the layer transformation approach, alkylammonium cations 
were used to exchange H+ cations in H birnessite. The resulted mesophase is almost 




4.2.1 Synthesis of porous MnO2 
 
Porous γ-MnO2 was successfully synthesized by a template free method in this study. 
30 ml 0.01 M Mn(ace)2 solution was added to 20 ml 0.01 M KMnO4 solution in 
100ml beaker under well stirring. The pH of above mixture was adjusted by adding 1 
ml 1 M HCl. The resulted mixture was transferred to Teflon lined autoclave of 120 ml 
capacity. Then, the autoclave was heated at 180 oC for 1 h. After cooling to room 
temperature, the black precipitate was filtered out, washed with distillated water 
several times, and then dried in oven at 120 oC for overnight.  
 
4.2.2 Modification of porous MnO2 with transition metals 
 
Porous MnO2 synthesized as mentioned above was modified with transition metals 
like Mo, Co and Ni, which are active components of commercial HDS catalysts. Mo, 
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Co or Ni was loaded on porous MnO2 by incipient wetness impregnation method to 
get 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2. After drying at 120 oC for 
overnight, the impregnated samples were calcined at 400 oC for 3 h. 
4.2.3 Characterization techniques 
 
The as-prepared and calcined samples were characterized by various analytical 
techniques. Powder x-ray diffraction (PXRD) was recorded using a D8 Advance 
(Bruker AXS GmbH) with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA. The 
thermal behavior was studied using thermo-gravimetric analysis (TGA) on a universal 
V 2.5H TA instrument (model SDT 2960) under a laminar flow of air with a flow rate 
of 90 ml min-1. The morphologies of the samples were observed using a field 
emission scanning electron microscope, FE-SEM (model JEOL JSM 6700F FM) and 
a transmission electron microscope, TEM (model Tecnai TF 20 S-twin). The N2 
adsorption-desorption isotherms of the prepared materials were measured on an 
Autosorb-1 at 77K. Prior to the measurement, the materials were degassed at 120 oC. 
The spectra were taken using a visible 514.5 nm argon ion laser as the scattering 
excitation source. The laser power on the sample was about 0.02 mW. The spectral 
acquisition time for each Raman spectrum was about 120 s, with spectral resolution 
around 1-1.3 cm-1. X-ray photoelectron spectroscopy (XPS) investigation was 
conducted on a VG ESCALAB 250 spectrometer using a monochromatic Al Kα x-ray 
source (1486.6 ev) at a constant analyzer pass energy of 20.0 eV. All binding energies 
were referenced to the C 1s peak arising from adventitious carbon (BE 285.0 eV).  
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4.3 Results and Discussion 
 
4.3.1 Characterization of as-synthesized and calcined porous MnO2 
 
(a) XRD analysis 
 
The XRD pattern in Fig. 4.3 shows peaks at 22 o, 37 o, 38 o, 42 o and 56 o, accounting 
to a γ-MnO2 phase (JCPDS 17-0510) for as-synthesized and calcined samples. It is a 
hexagonal structure. A space group for this structure is not applicable due to the 
combination of different tunnel geometries. The XRD patterns of as-synthesized and 
clacined samples are more or less similar which shows that the structure is stable up 
to 400 oC and no phase change observed. The poor quality of the XRD pattern for γ-
MnO2 -low intensity and broad lines- may be because the structure of γ-MnO2 is an 
intergrowth of pyrolusite blocks, called De Wolff defects, within a ramsdellite matrix. 
Thus the chains of octahedral show changes in their growth direction, giving rise to 
zigzag tunnels corresponding to crystallographic twinning [13]. There are no peaks in 
the low angle range (1.5 o – 8 o) as shown in Fig. 4.4, which indicates that no well 
ordered mesopores exist in the structure. Scherrer equation L = 0.9 λ / (Bcosθ) (Eqn. 
2.2) was used to estimate the particle size of as-synthesized and calcined γ-MnO2.  
Peak (110) was chosen for calculation. The results in Table 4.1 show that the average 
particle size is around 200 nm and it slightly decreases after calcinations at high 
temperature. More precise particle size distribution could be obtained from SEM and 
TEM images. 
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Figure 4.3 XRD of γ-MnO2 of (a) as-synthesized, (b) cal.200 oC, (c) cal.300 oC and 
(d) cal.400 oC 
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Figure 4.4 Low angle XRD of as-synthesized γ-MnO2 
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Table 4.1 Particle size of as-synthesized and calcined γ-MnO2 from XRD 
 
Sample 2θ Wave 
length (λ) 
cosθ FWHM (B) Particle size 
(L) 
As-Syn 22.3 o 1.54 Å 0.98 0.355 o 227 nm 
Cal. 200oC 22.3 o 1.54 Å 0.98 0.341 o 237 nm 
Cal. 300oC 22.3 o 1.54 Å 0.98 0.388 o 208 nm 
Cal. 400oC 22.3 o 1.54 Å 0.98 0.403 o 200 nm 
 
 
(b) Thermal analysis 
 
TGA and DTA studies were used to investigate the thermal behavior of the as 
synthesized porous γ-MnO2. The sample was heated from room temperature to 800 oC 
at a rate of 5 oC/min under air with a gas flow rate of 200 ml/min. the weight loss of 
the material during the thermal analysis was recorded against the temperature. Fig. 4.5 
and Fig. 4.6 show major weight loss at two different temperature 67 oC and 512 oC. 
The weight loss at around 67 oC is probably due to evaporation of physisorbed water, 
as previous XRD shows no structure change at this temperate range. The weight loss 
at 512 oC is caused by phase transition from γ-MnO2 to Mn2O3 accompanied with an 
exothermic peak in DTA curve (Fig. 4.7). 
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Figure 4.5 TGA of as-synthesized γ-MnO2 (weight loss against temperature) 
 
 
























Figure 4.6 TGA of as-synthesized γ-MnO2 (derivate weight loss against 
temperature) 
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Figure 4.7 DTA of as-synthesized γ-MnO2 
 
(c) SEM analysis 
 
SEM images reveal that the as-synthesized γ-MnO2 are nanospheres composed of 
hexagonal flakes as shown in Fig. 4.8. These nanospheres have two levels of structure. 
Each independent flake is a microporous structure (intergrowth of 1x1 and 1x2 
tunnels), and the second porosity results from the physical packing of flakes in the 
shell. The 1x1 tunnel of pyrolusite and the 1x2 tunnel of ramsdellite (2.3 Å x 2.3 Å 
and 2.3 Å x 4.6 Å) dictate the microporosity of the flakes. The particle size 
distribution of as-synthesized sample is shown in Fig. 4.12. It is found that the 
diameter of the nanospheres is around 220-320 nm. Fig. 4.9-4.11 show the samples 
calcined at 200 oC, 300 oC and 400 oC. It shows that the sample morphology remains 
the same as nanospheres till 400 oC. 
 































































































Figure 4.11 SEM of γ-MnO2 nanospheres calcined at 400 oC 
 














Figure 4.12 Particle size distribution of as-synthesized γ-MnO2 nanospheres 
 
(d) TEM analysis 
 
TEM experiments confirmed the as-synthesized and calcined samples are nanospheres 
as shown in Fig. 4.13-4.16. From high resolution straight lattice arrangement are 
observed, which suggests that these flakes are well crystallined. The particle size 































Figure 4.13 TEM of as-synthesized γ-MnO2 nanospheres 
 
 




























Figure 4.14 TEM of γ-MnO2 nanospheres calcined at 200 oC 
 
 






















Figure 4.15 TEM of γ-MnO2 nanospheres calcined at 300 oC 
 
 






















Figure 4.16 TEM of γ-MnO2 nanospheres calcined at 400 oC 
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(e) BET analysis 
 
Fig.4.17-4.20 show the nitrogen adsorption-desorption isotherm of as-synthesized and 
calcined samples. They are type IIb isotherm with type H3 hysteresis, which is 
consistent with platelet materials such as clays [14]. Generally, type IIb isotherms are 
obtained with aggregates of plate-like particles, which therefore posses non-rigid slit-
shaped pores. This is consistent with SEM and TEM images, which show sphere 
structure composed of flakes.  Because of delayed capillary condensation, multilayer 
adsorption is able to proceed on the particle surface until a high p/po is reached. Once 
the condensation has occurred, the state of the adsorbate is changed and the 
desorption curve therefore follows a different path until the condensate becomes 
unstable at a critical p/po. The surface area SBET and BET constant CBET of the as-
synthesized and calcined porous γ-MnO2 were shown in Table 4.2. It is found that the 
surface area slightly increases with increasing calcine temperature, which probably 
due to removal of strongly adsorbed water molecule from the inner sphere area. This 

















Figure 4.17 N2 adsorption-desorption isotherm of as-synthesized γ-MnO2 
nanospheres 

























































Figure 4.20 N2 adsorption-desorption isotherm of γ-MnO2 nanospheres calcined 
at 400oC 
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Table 4.2 BET surface areas of as-synthesized and calcined γ-MnO2 
 
 As-syn Cal. 200 oC Cal. 300 oC Cal. 400 oC 
SBET (m2/g) 97 115 119 128 
CBET 88 63 91 75 
 
The pore size distributions of the as-synthesized and calcined samples as shown in Fig. 
4.21-4.24 were calculated from nitrogen desorption using the BJH (Barrett-Joyner-
Halenda) model. The results show a narrow distribution centered at around 4 nm, 









































































Figure 4.23 BJH pore size desorption of γ-MnO2 nanospheres calcined at 300 oC 
 



















Figure 4.24 BJH pore size desorption of γ-MnO2 nanospheres calcined at 400 oC 
 
4.3.2 Characterization of Co, Ni and Mo modified porous MnO2 
 
(a) XRD analysis 
 
Fig. 4.25 shows the XRD patterns of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-
MnO2. All three samples show the characteristic peaks of a γ-MnO2 phase. No peaks 
of cobalt oxide, nickel oxide or molybdenum oxide are observed, which indicates that 
the promoters are uniformly distributed on the γ-MnO2 support.   










Figure 4.25 XRD pattern of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 
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(b) SEM analysis 
 
Fig. 4.26-4.28 show SEM images of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-
MnO2 respectively. It is found that the morphology of 6%Ni/γ-MnO2 and 6%Mo/γ-
MnO2 remains the same as γ-MnO2 support itself. They are nanospheres composed of 
hexagonal flakes. While the flake structure collapses in 6%Co/γ-MnO2 sample, which 
may due to strong interaction between Co and Mn leading to formation of certain 

















Figure 4.26 SEM of 6%Co/γ-MnO2 











































Figure 4.28 SEM of 6%Mo/γ-MnO2 
 
(c) TEM analysis 
 
TEM images of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 are shown in Fig. 
4.29-4.31. It can be seen from Fig. 3.29 that though 6%Co/γ-MnO2 have the 
nanosphere morphology, the flakes of the support collapse already and form small 
aggregated particles. While the morphology of 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 is 
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essentially the same as γ-MnO2 support and no aggregated small particles are 
observed on support surface, which indicates that the Ni and Mo are uniformly 
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(d) BET analysis 
 
Fig. 4.32-4.34 show the nitrogen adsorption-desorption isotherm of 6%Co/γ-MnO2, 
6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 samples. Fig.4.33 and 4.34 still have type IIb 
isotherm with type H3 hysteresis as γ-MnO2 support, which is consistent with SEM 
and TEM observations that the morphology remains the same asγ-MnO2 support. 
While 6%Co/γ-MnO2 shows type II isotherm, which indicates it is nonporous material. 
This is consistent with SEM and TEM observations that the flakes in the nanospheres 
collapse and no more void space in the spheres. The surface area SBET and BET 
constant CBET of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 were shown in 
Table 4.3. As expected, 6%Co/γ-MnO2 has much lower surface area thanγ-MnO2 
































































Figure 4.34 N2 adsorption-desorption isotherm of 6%Mo/γ-MnO2 
 
 
Table 4.3 BET surface areas of as-synthesized and calcined γ-MnO2 
 
 6%Co/MnO2 6%Ni/MnO2 6%Mo/MnO2 
SBET (m2/g) 68 107 110 
CBET 130 95 67 
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The pore size distributions of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 as 
shown in Fig. 4.35-4.37 were calculated from nitrogen desorption using the BJH 
(Barrett-Joyner-Halenda) model. The 6%Co/γ-MnO2 has no pore structure as 
nonporous material, while 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2 has similar narrow 











































Figure 4.36 BJH pore size distribution of 6%Ni/γ-MnO2 





















Figure 4.37 BJH pore size distribution of 6%Mo/γ-MnO2 
 
(e) Raman analysis 
 
Fig. 4.38 shows Raman spectra of 6%Co/γ-MnO2, 6%Ni/γ-MnO2 and 6%Mo/γ-MnO2. 
Three major peaks are observed at 491-502, 556-570 and 619-627, which are  
 
 



















Figure 4.38 Raman scattering spectra of (a) 6%Co/γ-MnO2, (b) 6%Ni/γ-MnO2 
and (c) 6%Mo/γ-MnO2 
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 stretching vibrations of MnO6 octahedra of γ-MnO2 as reported by Julien [15]. The 
high-wavenumber peaks at 556-570 and 619-627 are indicative of a well-developed 
orthorhombic structure with an interstitial space consisting of T1,2 channels. No peaks 
were detected for representing of Co, Ni or Mo; this is probably due to the very strong 
Raman background of γ-MnO2 support. 
 
 (f) XPS analysis 
 
The high-wavenumber peaks at 556-570 and 619-627 are indicative of a well-
developed orthorhombic structure with an interstitial space consisting of T1,2 channels. 
No peaks were detected for representing of Co, Ni or Mo; this is probably due to the 
very strong Raman background of γ-MnO2 support. 
Fig. 4.39 shows the Co 2p3/2 XP spectra of 6%Co/γ-MnO2. The Co 2p3/2 main peak is 
situated at 780.6 eV; a satellite peak, situated at 785.1 eV, is associated with the main 
peak. This satellite is well known for the oxides of cobalt. It is a consequence of a 
shake-up phenomenon and characteristic of Co2+ ions in a high spin state. Due to the 
very low intensity of satellite peak compared to major peak, Borgmann [16] suggested 
this cobalt oxide to be Co3O4.   









Figure 4.39 Co 2p3/2 XP spectra of 6%Co/γ-MnO2 
 
Fig. 4.40 shows the Ni 2p3/2 XP spectra of 6%Ni/γ-MnO2. The Ni 2p3/2 has a 
prominent shoulder (857.7 eV) in addition to the principal peak (854.8 eV) associated 
with a satellite peak, situated at 861.7 eV. Both the asymmetric band shape and the 
characteristic binding energies of the Ni 2p3/2 (854.8 eV and 857.7 eV) [17], indicate 
that there are two forms of nickel ions presented on the surface of γ-MnO2. One can 
be attributed to the interaction with γ-MnO2 support and the other nickel species is 










Figure 4.40 Ni 2p3/2 XP spectra of 6%Ni/γ-MnO2 
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Fig. 4.41 shows the Mo3d XP spectra of 6%Mo/γ-MnO2. It is found that the Mo 
3d3/2,5/2 doublet peaks are situated at 235.2 and 232.2 eV. The resolution of the 
component peaks is rather good, which indicates that the dispersed molybdenum 
oxide phases on γ-MnO2 have quite uniform geometrical and chemical characteristics. 
In fact the Mo3d doublet of 6%Mo/γ-MnO2 is as well resolved as the Mo3d doublet of 
bulk MoO3 as reported by Okamoto [18]. However, the magnitude of the BE of 
6%Mo/γ-MnO2 (232.2 eV) shows appreciable shift from the bulk MoO3 (233.2 eV). 
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In previous sections, we have synthesized two types of materials: α-MnO2 nanorods 
with different diameters and porous MnO2 modified by various transition metals. In 
this chapter, all these synthesized and commercial MnO2 will be screened for sulfur 
oxidation reaction by a batch reactor as shown in Fig. 5.1.   
 
Figure 5.1 Schematic diagram of batch reactor set-up 
 
Dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-
dimethyldibenzothiophene (4, 6-DMDBT) were chosen as model sulfur compounds 
for oxidation reaction as shown in Fig. 5.2. Because they are the most abundant 
compounda in real diesel and also more difficult to be removed compared to non-
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substituted DBT in HDS process. Tetradecane was selected as solvent. Typically, 
model diesel was prepared by dissolving dibenzothiophenes with a t+otal sulfur 
content of 500 ppmw in n-tetradecane. Here shows one example of calculation: 
Solvent: 100 ml tetradecane, density = 0.763 mlg /   
Weight of tetradecane = density ×  volume = 0.763 mlg / ×  100 ml = 76.3 g  
Assume X  g of 4,6-DMDBT required to dissolve in 100 ml tetradecane to get 500 
ppmw S content.  
Weight of 4,6-DMDBT ×  molecular weight of S/molecular weight of 4,6-DMDBT = 
weight of tetradecane ×  S concentration, 
So, X ×32/212.32 = 76.3 ×  5 ×  10-4, and X = 0.253 g.  
 
 
Figure 5.2 Oxidation of organic sulfur compounds (DBTs) 
 
5.2 Oxidation of Model Diesel 
 
In a typical oxidation reaction, 20 ml model diesel was put into a two-neck round 
bottom flask mounted with reflux condenser in oil bath. Then 10mg catalyst was 
added to the model diesel. The reaction was carried out in a temperature range of 120 
-150 oC, during which purified air was bubbled through at a rate of 100 ml/min with 
stirring rate of 1250 rpm. At different time intervals, 0.5 ml sample was taken out for 
GC analysis.  
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Conversions of dibenzothiophenes were calculated using their initial concentrations 
(C0) and after t min reaction (Ct). Conversion x is expressed as: 
00 /)( CCCX t−=  
Assuming that the volume and mass of the reaction mixtures were constant, since only 
small amounts of liquid samples (<0.5 ml each) were withdrawn during the reaction. 
 
The oxidative reaction of each sulfur compound follows first-order kinetics, according 
to previous results, obtained with aromatic sulfur compounds on solid catalysts [1-4]. 
Due to continuous flow of air, thus oxygen concentration is constant during the 
reaction. Thus the rate constant k and reaction time t can be described using the 
following equation: 
ktCCt −=)/ln( 0  
where )/exp( RTEAK a−= . 
A is the pre-exponential factor, Ea the apparent activation energy, R and T are gas 
constant and the reaction temperature (K), respectively.  
 
5.3 Results and Discussion 
 
5.3.1 Screening of α-MnO2 nanorods for 4,6-DMDBT oxidation 
 
As many α-MnO2 nanorods were synthesized under various conditions in previous 
section. Some of them with different particle sizes and surface areas were selected for 
4,6-DMDBT oxidation reaction. The properties of those selected α-MnO2 nanorods 
are shown in Table 5.1.  
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Table 5.1 Properties of α-MnO2 nanorods catalysts 
 
Nanorod Particle size (nm) Surface area (m2/g) 
NR13: Hydrothermal at 180 oC for 4 h, 
precursor concentration 0.1M, pH=2  
14~21 48 
NR15: Hydrothermal at 180 oC for 16 h 
precursor concentration 0.1 M, pH=2 
21~32 35 
NR18: Hydrothermal at 120 oC for 8 h 
Precursor concentration 0.1 M, pH=2 
11~16 76 
NR20: Hydrothermal at 120 oC for 8 h 
precursor concentration 0.2 M, pH=2 
8~16 83 
NR22: Hydrothermal at 120 oC for 8 h 
precursor concentration 0.2 M, pH=1 
17~28 55 
 
In order to screen α-MnO2 nanorods catalysts oxidation with O2, oxidation of 4,6-
DMDBT in the presence of NR13, NR15, NR18, NR20, NR22 or commercial MnO2 
was conducted with the same reaction conditions. The reaction conditions were as 
summarized in Table 5.2. 
 
4,6-DMDBT conversions are shown as functions of time in Fig 5.3. The catalytic 
activity of the catalysts decrease in this order: NR22> NR13, NR18 > NR15, NR20, 
Commercial MnO2. It is found that one nanorod sample (NR22) has much higher 
activity than commercial MnO2. But it is difficult attribute to surface area effect, as 
NR20 has the highest surface area (83 m2/g), while NR22 has medium value of 55 
m2/g. Also it is hard to correlate catalyst activity to quantum size effect, as NR20 
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(8~16 nm) and commercial MnO2 (bulk phase with particles in micrometer scale) 
have similar activity.  
 
Table 5.2 Reaction conditions for α-MnO2 nanorods catalysts 
 
 Catalyst Reactant Temp Air flow Stirring rate 
Reaction 1 NR13 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 2 NR15 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 3 NR18 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 4 NR20 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 5 NR22 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 6 Commercial 
MnO2 



























Figure 5.3 Oxidation conversion with different α-MnO2 nanorods 
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5.3.2 Promotion effect of transition metals 
 
In order to search for the optimum catalyst for oxidation with O2, oxidation of 4,6-
DMDBT in the presence of different transition metal modified porous MnO2 catalysts 
were conducted with the same method as mentioned in the previous section. It is well 
known that commercial catalysts for HDS process are CoMoS or NiMoS. So in this 
study Co, Ni and Mo are chosen as promoter supported on porous MnO2. Five 
reactions were carried out using commercial MnO2, porous MnO2, 6%Co/MnO2, 
6%Ni/MnO2 and 6%Mo/MnO2 as catalysts respectively. The reaction conditions were 
as summarized in Table 5.3. 
 
Table 5.3 Reaction conditions for γ-MnO2 supported catalysts 
 
 Catalyst Reactant Temp Air flow Stirring rate 
Reaction 1 Commercial 
MnO2 
4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 2 Porous MnO2 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 3 6%Co/MnO2 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 4 6%NI/MnO2 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 5 6%Mo/MnO2 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
 
4,6-DMDBT conversions are shown as functions of time in Fig 5.4. Plots of ln(Ct /C0) 
of 4,6-DMDBT oxidation, as a function of reaction time are shown in Fig. 5.5. The 
catalytic activity of the catalysts decreased in this order: 6%Mo/ MnO2 > porous 
MnO2 > commercial MnO2 > 6%Ni/ MnO2 > 6%Co/ MnO2. The results show that the 
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activity of porous MnO2 is much higher than that of the commercial one, which may 
due to the high surface area of porous MnO2 (127 m2/g) compared to commercial 
MnO2 (0.9 m2/g). The effect of promoter Co, Ni and Mo on the MnO2 catalyst was 
investigated. The results show that Mo modified MnO2 catalyst leads to an increase in 
the oxidation activity while the addition of Co and Ni leads to a significant decrease 
in the oxidation activity. This result is quite different from the result obtained for 
HDS in which a significant increase in HDS activity was observed with the addition 
of Co or Ni in MoO3/Al2O3 catalyst, indicating that the reaction mechanism of 
oxidation is quite different from that of HDS. Wang et al. [5] reported similar results 
that the addition of Co and Ni in the Mo/Al2O3 catalyst leaded to a significant 
decrease in the oxidation activity. They proposed that the incorporation of Co and Ni 

























Figure 5.4 Oxidation conversion with γ-MnO2 supported catalysts 
 


































Figure 5.5 Pseudo-first-order rate constants for γ-MnO2 supported catalysts 
 
5.3.3 Temperature Effect 
 
In order to examine the temperature effect, oxidation of 4,6-DMDBT in the presence 
of 6%Mo/MnO2 was conducted under various temperatures. The reaction conditions 
are summarized in Table 5.4. 
 
Table 5.4 Reaction conditions under various temperatures 
 
 Catalyst Reactant Temp Air flow Stirring rate 
Reaction 1 6%Co/MnO2 4,6-DMDBT 150 oC 100 ml/min 1250 rpm 
Reaction 2 6%Co/MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
Reaction 3 6%Co/MnO2 4,6-DMDBT 120 oC 100 ml/min 1250 rpm 
 
Conversions and first order rate constants are plotted in Fig. 5.6 & 5.7 as function of 
time. The results show that there is no activity when temperature is 120 oC. Unlike 
HDS, the oxidation reaction was run under very mild conditions and it was possible to 
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increase the reactivity by increasing temperature and reaction time. 4,6-DMDBT 




















































Figure 5.7 Pseudo-first-order rate constants at various temperatures 
 
5.3.4 Mo loading effect 
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In order to examine the promoting effect of Mo, various catalysts with different Mo 
loading were tested under the same reaction conditions as summarized in Table 5.5. 
 
Table 5.5 Reaction conditions for Mo/γ-MnO2 catalysts with different Mo loading 
 
 Catalyst Reactant Temp Air flow Stirring rate 
Reaction 1 Porous MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
Reaction 2 0.5%Co/MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
Reaction 3 2%Co/MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
Reaction 4 4%NI/MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
Reaction 5 6%Mo/MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
 
Conversions and first order rate constants are plotted in Fig. 5.8 & 5.9 as function of 
time. The results show that the conversion of 4,6-DMDBT increased with increasing 
Mo content. This result reveals that Mo species act as an active phase in the oxidation 

























Figure 5.8 Oxidation conversion at different Mo loading 
 

































Figure 5.9 Pseudo-first-order rate constants at different Mo loading 
 
5.3.5 Comparisons of the oxidation reactivities of various dibenzothiophenes 
 
DBT, 4-MDBT and 4,6-DMDBT are typical refractory sulfur compounds in diesel 
fuel and gas oils. It is well known that the HDS reactivity of dibenzothiophenes 
decreases dramatically with the increase of methyl substitutes at the sterically 
hindered positions (positions 4 and 6). For example, their relative reactivity in HDS is 
reported to be DBT/4-MDBT/4,6-DMDBT = 8/3/1 at 360 oC and 2.9 MPa [6]. 
In order to compare the relative reactivity of these representative dibenzothiophenes 
in oxidation reactions, reactions were carried out with 6%Mo/MnO2 using DBT, 4-
MDBT and 4,6-DMDBT as reactants respectively. The reaction conditions are shown 





                                                                                          120 
Table  5.6 Reaction conditions for different reactants 
 
 Catalyst Reactant Temp Air flow Stirring 
rate 
Reaction 1 6%Mo/MnO2 DBT 135 oC 100 ml/min 1250 rpm 
Reaction 2 6%Mo/MnO2 4-MDBT 135 oC 100 ml/min 1250 rpm 
Reaction 3 6%Mo/MnO2 4,6-DMDBT 135 oC 100 ml/min 1250 rpm 
 
Their conversion and first order rate constants are plotted in Fig. 5.10 & 5.11 as 
functions of time. The results show that the oxidation reactivities of the sulfur 
compounds decreased in the order of 4,6-DMDBT > DBT > 4-MDBT. It has been 
reported that methyl substituted at 4- and 6-position of DBT remarkably retards the 
rate of HDS and thus, that 4-MDBT and 4,6-DMDBT are very difficult to convert due 
























Figure 5.10 Oxidation conversion for different reactants 
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CHAPTER 6  CONCLUSIONS 
 
 
6.1 Material Synthesis 
 
In this project, α-MnO2 nanorods and porous γ-MnO2 nanospheres have been successfully 
synthesized via template free hydrothermal synthesis route. The synthesized samples have 
undergone material characterizations, such as XRD, SEM, TEM, BET, TGA/DTA, XPS 
and RS analysis. Based on various analysis data, several conclusions have been made and 
are listed here. 
• Longer hydrothermal time leads to form α-MnO2  nanorod with good crystallinity 
and uniform morphology, while nanorod diameter increases and surface area 
decreases at the same time. Over 16 h, some α-MnO2 transforms to manganite 
MnOOH. 
• Hydrothermal temperature is crucial for synthesizing α-MnO2  nanorod. Only 
amorphous small particles form at low temperature. The crystallinity increases 
with hydrothermal temperature, while nanorod diameter increases and surface area 
decreases correspondingly.  
• Precursor concentration nearly has no effect on crystallinity and morphology. But 
the nanorod diameter is more uniform for samples synthesized at low 
concentration. 
•  pH almost has no effect on crystallinity and morphology of synthesized α-MnO2  
nanorod. 
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• Porous γ-MnO2 nanospheres with relatively high surface area (128 m2/g) have 
been successfully synthesized via template free hydrothermal synthesis route. The 
porosity mainly comes from physical packing of flakes in the nanospheres. This 
material is stable up to 400 oC with crystallinity, morphology and surface area 
essentially unchanged.  
• Porous γ-MnO2 nanosphere was used as catalyst support to load transition metals 
like Co, Ni and Mo. The supported cobalt oxide, nickel oxide and molybdenum 
oxide were characterized to be Co3O4, NiO and MoO3 highly dispersed on support 
surface with some extent interaction with γ-MnO2 support. 
 
6.2 Catalytic Activities 
 
The above mentioned α-MnO2 nanorods and porous γ-MnO2 modified with Co, Ni and 
Mo were tested for DBTs oxidation reaction under various reaction conditions. The 
oxidation reaction was monitored with GC by sampling at different time intervals. Based 
on various analysis data, several conclusions have been made and are listed here. 
• Some of the α-MnO2 nanorods have much higher activity for 4,6-DMDBT 
oxidation reaction than commercial MnO2. But it is hard attribute to either larger 
surface area or smaller particle size of nanorod compared to commercial MnO2. 
• Mo shows promoting effect for 4,6-DMDBT oxidation while Co and Ni show 
inhibit effect. And the catalyst activity increases with increasing Mo loading from 
0.5wt% to 6wt%. 
• Generally activity increases with increase reaction temperature. Especially when 
temperature is lower than 120 oC, no reaction occurs. 
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• The reactivity of three DBTs compounds is as following: 4,6-DMDBT > DBT > 4-
MDBT. This could be due to a combination effect of steric hindrance and electron 
density effect. 
 
 
